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1.
Introduction.
The use of voltammetric techniques with electronic tongues and with some types of electronic noses combined with statistical analysis tools in the chemometrics discipline unfolds great opportunities for their application to non-destructive quality controls. This type of surveys is of great interest when online inspections are applied to complex systems, such as natural waters, sewage waters or many foodstuffs (drinks, milk, fruits, fish, meat, etc.). The importance of these techniques lies in that they can provide information about systems properties related to their composition or quality in a non-destructive, economic and fast manner.
A series of works devoted to the application of electronic tongues in several fields of great scientific and technical interest (environmental, food technology, warfare nerve agent gas detection, etc.) have been published in the last years. [1] [2] [3] In addition, a few prototypes have been developed, to mention one example a Wet Electronic Nose has been designed for the detection of vapors and gases. 4, 5 One of the most important difficulties in the development of electronic tongues and wet electronic noses, especially in solid sample systems (fruits, meats, fish, etc.), is the problematic reproducibility of the measurements. 6, 7 These reproducibility problems can be caused by different factors:
i. Local variations of the resistivity in the samples. This is a common problem when heterogeneous solid materials (such as fruits, fish or meat) are measured with an electronic tongue. In the case of the Wet Electronic Nose, the reproducibility issues are probably caused by the reticular structure of the membrane (nylon, cotton, cellulose) supporting the absorbent liquid; the disposition of the fibers embedding the membrane is only anecdotally coincident onto the surface of the electrodes in consecutive measurements. According to our experience, the homogeneity of the applied electric field is a critical parameter for the success of this kind of applications.
ii. The geometry of the measurement cell. Parameters such as distance, surface and position of the electrodes and size and thickness of the sample are of great importance. The Fringe field effect plays a relevant role in the processes occurring during measurements. 8 iii. Temperature. Temperature variations affect ionic mobility and therefore conductivity. An efficient thermostatic control is enough to assure experimental repeatability.
iv. Laminar or turbulent matter flow. Electrochemically active matter transport towards the electrodes provides higher current signals. Measurement techniques such as Rotating Disc Electrode (RDE) or Flow Injection Analysis (FIA) benefit from this effect.
In this paper the focus is set on the second factor, and in particular on how the performance of the threeelectrode electrochemical cell used in electronic tongues and humid electronic nose can be affected by the cell geometry.
Two types of events can conduct electric current throughout an electrode-electrolyte interface. NonFaradaic currents concern those events associated to the movement of electrolyte ions, adsorption and desorption processes, reorientation of solvent dipoles leading to the formation of the double layer or increasing it, etc. at the electrode-electrolyte interface; while Faradaic processes comprise direct transference of electrons caused by chemical reactions (oxidation at one electrode and a reduction at the other).
The use of a three-electrode configuration including a Working Electrode (WE), a Reference Electrode (RE) and an Auxiliary or Counter Electrode (AE/CE) in Electronic Tongues and Wet Electronic Noses systems warrant an accurate measurement of the Faradaic current (as the potential between the RE and the WE is kept constant). This potential is affected by the Ohmic drop of the system, a change in the position of the RE with respect to the WE produces a change in the non-Faradaic current. But there are other factors, as the electrodes surface and the sample size that affect this current. In two-electrode configurations, a change in the distance between electrodes produces a dramatic variation in the nonFaradaic current of the system.
The study of how the cell geometry influences non-Faradaic current is of great importance when evaluating reproducibility problems in Electronic Tongue and Wet Electronic Nose systems.
For the purpose of simplicity a two electrode system has been used in this work to analyze and discuss from an electrochemical point of view the relation between cell geometry and non-Faradaic current.
In two electrode measurements charge circulation occurs when an electric field is applied between the two electrodes in contact with the sample. This electric field can produce Faradaic and non-Faradaic processes. The non-Faradaic processes are generally associated to the reorganization of the electrical double layer or the movement of ions inside the media. Faradaic processes are the result of the electron transfers between electrodes and ions or neutral species in the interfacial area (redox processes); they occur when oxidisable or reducible species reach the surface of an electrode whose surface electric potential is appropriate for the redox process.
When the electric conditions are suitable, for instance because the applied electric potential is small and/or of alternating current at medium or high frequencies, it can be considered that only non-Faradaic processes take place. The most direct information obtained when working in non-Faradaic conditions is the system's conductivity.
It was early proved that the conductivity of electrolytic solutions depends on the dissolved salt, its concentration and the dissociation degree. This behavior led since the end of the nineteenth towards the mid twentieth century to the use of alternating current to study the properties of electrolytic solutions.
The period comprising 1920 and 1940 was the most productive time for the implementation of this technique and so for the results obtained, which allowed the development of the theoretical models that explain the behavior of electrolytic solutions nowadays.
9,10
Over the time the use of classic conductometry has been losing relevance progressively due to the appearance of more advanced and versatile techniques such as impedance spectroscopy. However despite the amount of publications in this electrochemical area, conductometry is still widely used as an auxiliary control technique, essentially due to the low cost of the instruments and its wide application range. For instance, the measurement of the conductivity in potable, mineral or waste waters provides an idea of their content in salts; the control of conductivity in waste water treatment plants provides an idea of the evolution of the pollutant load during the physicochemical o biological purification processes. In food technology, the monitoring of conductivity is a very useful tool for composition control and also to control the salinity of brines used in processes such as fermentation, pickling, curing, etc.
Data obtained from electrochemical impedance spectroscopy (EIS) provides a lot more information than the gathered from a simple conductimeter which performs the measurements at a single frequency. This frequency scan makes up the frequency spectrum and its analysis permits to obtain useful information for the analysis and characterization of the system under study.
1.1.
The use of equivalent circuits for the interpretation of solutions' behavior.
In the first works about conductivity determination of electrolytic solutions the usefulness of equivalent circuits was already demonstrated for a better understanding of their behavior. 9-11 The model generally accepted for the interpretation of the current flowing through a conductive solution where a Faradaic process occurs is shown in figure 1 -A, and for non-Faradaic charge transport processes in figure 1 -B.
Insert Figure 1
In this schematic circuits, C dl represents the total capacity of the electrical double layer formed between the electrodes and the ions in the solution, R Ω is the Ohmic resistance of the solution, R p is the resistance of the redox electronic transfer and C M is the macroscopic capacity associated to the capacitive effects that take place between the working electrode and the auxiliary electrode immersed in the solution with a dielectric constant ε.
Conductivity cell-constant.
The determination of molar or equivalent conductivity of electrolytic solutions is done from the specific conductivity according to the expression:
Where l is the distance between electrodes, R T is the total resistance of the solution and S is the cross section of the ionic conductor. The quotient l/S is traditionally known as cell-constant (K).
However, it is a parameter which is rarely determined directly based on the physical dimensions of the electrochemical cell and the electrodes. This is traditionally justified because the surface of the commercial electrodes is very difficult to determine as they are usually platinized in order to obtain a much larger effective surface. Another reason is the edge effect on the electric field between the measurement electrodes.
There are many problems, some of them still have not been explained, in the determination of the cellconstant so it has to be done indirectly based on the resistive value of a pattern solution of KCl, whose resistivity is known. The ratio between the expected resistance and the real resistance allows the evaluation of the cell-constant l/S. For a better understanding of some aspects that have created some confusion and are still confusing, a small historical review is done for the concept "cell-constant".
Kohlrausch defined the cell-constant as a purely geometrical factor which was obtained directly from the quotient of the distance between the electrodes in the electrochemical cell and their surface area. In 1916 E. Washburn 12 in a paper devoted to the methodology in the measurement of electric conductivity of solutions recommended the use of circular electrodes of similar diameter to the cylindrical deposit containing the solution whose conductivity is to be measured. show different values of conductivity. In order to avoid undesired parasitic capacitances they propose to separate the electrodes, increase the surface of the electrodes and platinize them so more reproducible results can be obtained. In addition, they showed that the conductivity variations with respect to the frequency did not present the importance that it had been attributed so far.
Another recognized electrochemist, Shedlovsky 11, 21 , between 1930 and 1932, obtained the conductivity of several salts at different frequencies to confirm the validity of data and detect erratic values while he built and checked many measurement cells designed with the aim of eliminating any effects that could disturb the measurement of conductance, specially polarization and adsorption. So he could state that immersion electrodes directly introduced in the problem solution are not appropriate due to reproducibility issues.
In the early fifties Randles made great contributions to the kinetics of electrode reactions 22 , rate constants and activation energies of electrode reactions 23 , electron exchange reactions 24 , metal ion exchange reaction at amalgam electrodes 25 and many more publications. From these works the wellknown equivalent Randles circuit was deduced, which is still widely used.
In the early sixties John Newman started a series works related with current distribution 26, 27 , limiting 
2.
Experimental.
Samples preparation.
Electrochemical studies were carried out using KCl, KNO 3 and Na 2 SO 4 (of analytical grade and from 
Electrodes.
All the measurements have been performed using the two electrodes measuring technique. The conductors used for the present study were electrodes of graphite, platinum, gold (which are commercial electrodes) and stainless steel (have been manufactured in the laboratory). Different surface sizes have been used: The main body includes the thermostatic cell and it is built with two concentric tubes of a polymeric material (marked with parallel lines), which create a chamber in which the thermostating liquid flows from the circulating bath. In the bottom edge it can be placed any of the previously described electrodes (wired at WE1), which is immobilized with a female screw of the same polymeric material in the inner cylinder of the cell.
Insert Figure 2
In the upper part of the cell a T connection has been installed so a reserve thermostated deposit is connected. This reserve deposit contains the solution under study, so it refills the electrochemical cell as the mobile electrode (wired at WE2) displaces the solution in the measuring chamber while the measurements take place. The mobile electrode body is made with a cylinder of almost the same diameter as the measuring chamber, in which edge the corresponding electrode is attached. This mobile part can be displaced in a distance range between 0 and 40 cm approximately. The mobile part is fixed at the required distances with an external auxiliary element (if the tubes are similar enough no external fixing assistance is needed). The measurement of the separation between the electrodes is made with a precision of ±0.05 mm by using a Vernier caliper.
All the electrochemical measurements have been performed working in the described electrochemical cells at 25ºC. For the temperature control a refrigerated/heated circulating bath from PolyScience ® has been used, with a precision of ±0.005ºC.
Internal cross section determination of the electrochemical cell.
The internal cross section average of the electrochemical cell has been determined from the weight difference between the cell empty and filled with distilled water at 25ºC. The cell volume is then obtained from the quotient between the mass of the contained water over the density of the liquid at the working temperature. From the calculated volume and the known cell's length it can be determined the internal cross section of the cylindrical chamber. The determination of the parameter has been realized five times for each electrochemical cell prototype.
Electronic equipment.
As first measuring technique for the determination of the resistance of solutions it has been used Electrochemical Impedance Spectroscopy. A Metrohm Autolab B.V. potentiostat PGSTAT100 with a FRA2 module has been used for the performance of these measurements. The software application Nova, from Autolab as well, has been used for the data preprocessing and for the circuits fitting simulations.
For this study fifty frequency steps (logarithmic distribution) have been configured, from 1 MHz to 100
Hz with an AC perturbation with amplitude of 10 millivolts to minimize the occurrence of polarization phenomena. The noisy or erratic data have been discarded previously based on Kronig-Kramers analysis. 30 On the other hand, the impedance value at 10 kHz has been used as a rough approximation to the resistance value because at this frequency the observed capacitance values represent a minor component of the total impedance. For the data analysis the basic equivalent circuit has been discarded due to its inefficacy in the fitting of the experimental data.
As second measuring technique a commercial conductimeter (Crison GLP32) has been used. It has been previously calibrated with a series of known resistors. The device works with squared wave alternating current at 2500 Hz and 100mV amplitude. For this particular case (and based on the calibration) it has been assumed that the inverse value of the measured conductance directly provides the resistance value of the solution under study.
The last measuring device used has been developed in the Centro de Reconocimiento Molecular y Desarrollo Tecnológico (IDM) to perform the pulse voltammetry measurements. 31 The applied pulses had an amplitude of 10 mV and a duration of 2 ms for the least concentrated samples and 5 ms for the concentrations 1 m and above. Three consecutive pulses where applied and individual analyses of each pulse where performed to calculate the corresponding values of proposed circuit in figure 6 . The parameters were fitted via iterative calculation using the Microsoft Excel tool Solver.
All the electrochemical measurements have been performed inside a Faraday cage at 25.0ºC.
Results and discussion.
According to the previously presented ideas, there is a series of problems which should be studied to fulfill the proposed objectives. In first place it is necessary to do a comparative analysis between the results of the different electrochemical techniques (pulse voltammetry and impedance spectroscopy), which can be combined when working with electronic tongues. This is why it is important to realize a comparative analysis of the behavior of the proposed equivalent circuits for the interpretation of the experimental results.
In second place, it is necessary to determine the most appropriate geometry for the measuring cell depending on the particularities of the system under study (solid, liquid, gas or vapor) and to be able to determine with accuracy the cell constant in order to normalize the results.
3.1.
Electrochemical results analysis. Determination of the Ohmic resistance of electrolytic solutions by means of several measuring techniques.
The value of the electric resistance of an electrolytic solution can be conditional to the electrochemical technique employed in its determination. It is known that the response of solvated ions in the presence of an electric field depends on two factors: the magnitude of the electric field and its frequency if it is an oscillating wave.
32,33
The resistivity is linear with the electric field when this field is small, which is the reason why in this study the working potentials are set to just a few millivolts. On the other hand the effect of the frequency on the resistivity of solutions has been described and discussed widely. 
And the phase angle for this model is shown in equation 3: Figure 3 displays the logarithmic variation of the impedance modulus figure (3-A) and phase (figure 3-B) versus the frequency of a KCl 3 molal solution at 25ºC and the corresponding simulation with equations 2 and 3 of the non-Faradaic equivalent circuit of figure 1-B.
Insert Figure 3 The differences between the theoretical and experimental results of the modulus and phase impedance versus frequency reveal that the first circuit is not appropriate.
It is again easy to demonstrate that the simplest equivalent circuits (figure 1) are not the most adequate for the simulation of electrolytic solutions. A double branched model formed by two parallel RC branches can be explained based on the independent migration process of ions and the formation of two electrical double layers on the electrodes' surfaces.
The proposed model is shown in figure 4 -A, in which a double branch circuit has been used in order to consider independent ions migration and in which is further added an inductive element. It has been checked that the simulations improve significantly when an inductance L (LCR equivalent circuit) is included in the basic circuit. This is not a crazy idea because of the demonstrated existence of the magnetohydrodynamic effect. 34 The results improve noticeably compared to the simple circuits ( figure   1 ) model, but yet do not present a satisfactory fitting as it can be seen in figure 4 -B.
Insert Figure 4 However a better approximation is obtained by using an equivalent circuit (RQL)C M (see figure 5 ), where component Q is a constant phase element. This element is normally used to simulate the doublelayer capacitance at solid electrodes by means of impedance spectroscopy studies, which usually show deviations from ideal behavior. This capacitance dispersion strongly depends on the state of the electrode's surface, its roughness and also on anion adsorption. The deviations from ideal capacitive behavior can be empirically represented by the so-called CPE. 35 This model has been used to adjust the impedance spectra and obtaining the resistance value (R  ) of the studied solutions.
Insert Figure 5 For the realized tests applying DC pulses an (RC) 2 equivalent circuit (figure 6) has been used as model.
The inductive component in the case of direct current signals is not relevant.
The resistance values have been calculated with Solver, a tool of Microsoft Excel. The charge/discharge equations (see equation 4) of the two parallel branches have been programmed to obtain the value of the four components of the circuit in figure 6 (two resistors and two capacitors; the total resistance is calculated as a parallel resistor).
Insert Figure 6 The conductivity values of the samples measured with the commercial conductimeter have also been registered and so 
3.2.
Ohmic resistance of the ionic solutions over the distance between the electrodes. Figure 7 shows the variation of the resistance value of a 0.250 m KCl solution at 25ºC from the data corresponding to the EIS measurements when using two platinum electrodes which surface is 0.0707 cm 2 and two stainless steel electrodes which surface is 5.474 cm 2 over the distance and in two different electrochemical cells (inner cross sections of 1.368 cm 2 and 5.683 cm 2 respectively).
Insert Figure 7
From this figure it can be observed that in some situations resistance is not linear with respect to distance, as equation 1 stands. In fact, in two of the represented data sets (symbols '' and '') an initial curvilinear section is displayed until almost 1 cm; the rest of the response is linear. Besides, the intercept extrapolating from the rectilinear section is considerably different from the zero value proposed in this equation. Only the '' symbols representation is linear and its intercept agrees with the expected behavior.
Moreover, it should be noted that the slopes of the data sets with symbols '' and '' are very similar, despite the electrodes surfaces considerably different (0.0707 and 5.474 cm 2 ). In this case the cross section of the measuring cell has to be pointed out to be responsible for this outcome, as in both cases it has been the same (5.683 cm 2 ).
On the contrary, the responses of the series represented by '' and '' are dissimilar although the same 
Insert Figure 9
The data displayed in the figure show two well defined groups of resistance values versus the distance, which are separated about 20 Ohm. The obtained resistance values by means of EIS reveal smaller resistance values than those obtained from the pulse voltammetry technique. These differences seem to be caused by the relaxation effect, which appears at high frequencies. the fact that with EIS the double layer is not completely formed by the majority of the scanned frequencies due to the alternating nature of the measuring signal. Nevertheless, the slopes within the linear sections are equal within the experimental errors, regardless of whether the measurement technique is of alternating or direct current basis.
The slope value is related to the total resistivity of the solution. Operating equation 1 and considering that the total resistivity of the solution is the inverse of the total conductivity, then:
Therefore, the graphical representation of the measured resistance versus the distance in the linear section presents a slope equal to the total resistivity of the solution divided by the cross section of the For the calculation of these two conductivity values of the KCl solutions, the following simplified expression has been used:
Where C is the molar concentration of solute and S c is the cross section of the cell.
We would like to highlight that the non-linear response of the resistance of electrolytic solutions versus the distance shown in figures 7, 8 and 9 has not been described so far.
3.3.
Cell constant.
According to figures 7, 8 and 9 the measured resistance when the electrodes are at a fixed distance (l > 0.75 cm) can be considered as the sum of two contributions: a resistance R 0 (which is the value of the obtained resistance at the intercept of the linear section) plus the contribution of the solution resistance under study R l , which depends on the separation between electrodes and on the cross section of the cell. Figure 10 details these proposed arguments.
Insert Figure 10
According to figure 10, the following equation can be written:
It is obvious then that R l can be related to the total resistivity of the solution with the distance between electrodes and the cross section of the conductive solution container, so the following expression can be written: 
2.69cm in diameter and Steel electrodes of 2.64 cm in diameter (Cell 4). Data obtained by means of EIS.
Insert Figure 11 Experimental data present a linear increase of the intercept as a function of the solution's resistivity which leads to the following proposal: R 0 is directly proportional to the slope ( T /S c ) and is dependent on the geometry of the cell (equation 8).
According to these data the cell constant only matches with the Geometric Cell Constant when the conductive cross section S c (as H. H. Bauer discussed in the early seventies) 36 , which contains the electrolytic solution, is equal to the surface of the electrodes (see figure 7) . In this particular case, the resistance as a function of the distance is a straight line starting in the origin (zero intercept) and so zero is also the value of R 0 . Several functions fulfill this condition. Some of the simplest include the 
Where  c is the diameter of the cell and  e is the diameter of the electrode. In this equation, A is a constant whose value seems to be related to the geometry of the cell and electrodes. Combining equations 8 and 9, we obtain: distance and the surface of the electrodes, which is 14.14 cm -1 . It is important to note that the value of the effective cell constant is applicable only when the distance between electrodes is greater than 0.75 cm (see Figure 10 ) which corresponds to the linear region of the resistance vs. distance graph. These results partially agree with the works published by Parker 15, 16 , who demonstrated that the known cell constant did not coincide with the geometrical value and which had an apparent value that found to be dependent on the solution's resistance. The results in this paper reveal that the dependency is linear and so can be included in the Effective Cell Constant.
Cell Effective Constant for l < 0.75 cm.
Finally, we try to study the region where the curvilinear variations of the resistance occur as a function of the distance, this is, the zone where the distance between electrodes is smaller than 0.75 cm. This is a relevant consideration in order to evaluate how the natural tendency in sensors miniaturization can affect the provided information reliability.
A simple empirical approach has been found by adding two terms to equation 10 which allows modeling the resistance variation at short distances without modifying the slope in the rectilinear zone. The proposed equation is: (12) Constants A and B can be determined by experimental fitting of the measured data to the model.
The calculated values for constant A are in practice coincident within the experimental error (1.025 cm -1 ). In accordance to the average value of B, it can be proposed that for a cylindrical cell and circular electrodes of 0.3 mm of diameter, the numerical value is 12 ± 1 cm -1 .
Finally, the term R I , which corresponds to the interfacial resistance or contact resistance, has been added. It justifies the shift in the resistance values of figure 9. The differences are probably caused because in the case of pulse voltammetry the double layer reaches a complete degree of organization imposed by the applied electric field. On the contrary, with EIS at working frequencies higher than 100
Hz this event does not manifest because there is not enough time to form the double layer at the interface. The results reveal that R I depends on the measuring technique but it is reasonable to think that it may also depend on the solvent, the type of ion and its concentration. These aspects should be addressed in future research.
Electrodes geometry.
Finally, it has been studied how the change in shape of the working electrodes affect the measured Besides, it should also be noted that constant B, which is used to fit the first curvilinear section (l < 0.75 cm) has an approximate value of 1.8 cm -1 . This indicated that the shape and size of the electrode actively affects the value of constant B.
4.
Conclusions.
1. -The calibration constant of an electrochemical cell coincides with the Geometric Cell Constant (l/S) when an electric field of homogenous direction is applied in the solution under study. This only occurs in the case of the electrodes surface and the cross section of the cell to be the same. When this condition is fulfilled, the graphic representation of the experimental resistance versus the distance is a straight line which intercept is zero.
2. -When the surface of the electrodes is smaller than the cross section of the cell the electric field lacks from directional homogeneity. In this situation the plot of the resistance vs. distance displays an initial curvature until it reaches about one centimeter to become linear afterwards.
In this second case, the slope of the rectilinear section is directly proportional to the resistance and inversely proportional to the cross section of the receptacle containing the solution under study. The obtained molar conductivity values of the KCl solutions by means of alternating current techniques agree (within the experimental errors) with the values obtained when applying a pulse potential of 10 mV.
3. -The exact measurement of the conductivity of electrolytic solutions requires an adequate design of the electrochemical cell. The ideal configuration is that the electrodes geometry matches the cell's cross section, that they are planar and parallel. They are to be fixed in a cell made of an insulating and inert material such as glass, Teflon or polyethylene. The cell should have small inlet and outlet in order not to alter the electric field homogeneity inside the cell.
4. -When the cell geometry cannot be optimal because of practical implications, it might convenient to use several electrodes to infer the slope of the resistance vs. distance evolution and the resistivity value can be calculated.
5. -According to our experience a design with moving electrodes turns out to be complex and fairly impractical for the use of electronic tongues and so further research on the development of an appropriate distribution of the electrodes in an electronic tongue should be done. 
